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Aim: Cerebellar neurodegeneration is a main phenotypic manifestation of mitochondrial
disorders caused by apoptosis-inducing factor (AIF) deficiency. We assessed the effects
of an exercise training intervention at the cerebellum and brain level in a mouse model
(Harlequin, Hq) of AIF deficiency.

Methods: Male wild-type (WT) and Hq mice were assigned to an exercise (Ex) or
control (sedentary [Sed]) group (n = 10–12/group). The intervention (aerobic and
resistance exercises) was initiated upon the first symptoms of ataxia in Hq mice
(∼3 months on average) and lasted 8 weeks. Histological and biochemical analyses of
the cerebellum were performed at the end of the training program to assess indicators
of mitochondrial deficiency, neuronal death, oxidative stress and neuroinflammation.
In brain homogenates analysis of enzyme activities and levels of the oxidative
phosphorylation system, oxidative stress and neuroinflammation were performed.

Results: The mean age of the mice at the end of the intervention period did not
differ between groups: 5.2 ± 0.2 (WT-Sed), 5.2 ± 0.1 (WT-Ex), 5.3 ± 0.1 (Hq-Sed),
and 5.3 ± 0.1 months (Hq-Ex) (p = 0.489). A significant group effect was found for
most variables indicating cerebellar dysfunction in Hq mice compared with WT mice
irrespective of training status. However, exercise intervention did not counteract the
negative effects of the disease at the cerebellum level (i.e., no differences for Hq-Ex vs.
Hq-Sed). On the contrary, in brain, the activity of complex V was higher in both Hq mice
groups in comparison with WT animals (p < 0.001), and post hoc analysis also revealed
differences between sedentary and trained Hq mice.

Conclusion: A combined training program initiated when neurological symptoms
and neuron death are already apparent is unlikely to promote neuroprotection in the
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cerebellum of Hq model of mitochondrial disorders, but it induces higher complex V
activity in the brain.

Keywords: Harlequin mouse, mitochondrial diseases, neurodegeneration, OXPHOS disorders, training

INTRODUCTION

Mitochondrial disorders (MD) are caused by inherited alterations
in genes involved in the oxidative phosphorylation (OXPHOS)
system (Ng and Turnbull, 2016). Despite their low prevalence
in the general population, these alterations represent the
most frequent genetic metabolopathies (Tucker et al., 2011).
Numerous pathogenic mutations have been found to cause
MD and are frequently associated with severe phenotypic
manifestations, notably at the neuromuscular level (Bird et al.,
2014), such as those affecting the AIFM1 gene encoding
apoptosis-inducing factor (AIF). The clinical manifestations of
patients with AIF deficiency are broad and frequently include
ataxia, but the molecular underpinnings for these remain unclear
(Bano and Prehn, 2018). In this context, the Harlequin (Hq)
mouse – a preclinical model of MD harboring a proviral insertion
in Aifm1 causing an ∼80% decrease in AIF expression – has
provided some mechanistic insight into the biological alterations
leading to cerebellar degeneration (Klein et al., 2002; Vahsen et al.,
2004; Bénit et al., 2008).

Although no effective cure is yet available for MD, there
is a rationale to support that regular physical exercise can
be an adjuvant treatment to attenuate some phenotypic
manifestations associated with these conditions, notably the
decline in cardiorespiratory and muscle fitness that is commonly
found in affected individuals (Cejudo et al., 2005; Taivassalo et al.,
1996, 1998, 1999, 2001, 2006; Adhihetty et al., 2007; Murphy
et al., 2008; Jeppesen et al., 2006, 2009; Siciliano et al., 2000, 2012;
Bates et al., 2013; Fiuza-Luces et al., 2018a). Beyond its well-
documented fitness benefits for virtually all population groups,
regular exercise might also have potential neuroprotective effects
including improving central nervous system (CNS) blood flow
and cognitive function, and preventing neurodegeneration and
cognitive decline (Delezie and Handschin, 2018; Liu-Ambrose
et al., 2018; Cabral et al., 2019; Valenzuela et al., 2020).
While more research is needed, there is preliminary evidence
supporting that exercise training might also attenuate, at least
partly, the cerebellar degeneration associated with some diseases,
and thus potentially alleviate ataxic symptoms (Aranca et al.,
2016; Ayvat et al., 2018; Oliveira et al., 2018). In this regard,
although there is evidence that exercise training – including
aerobic exercises alone or in combination with resistance
(strength) training – can improve cardiorespiratory fitness
and/or muscle mass/strength in patients with MD (Cejudo
et al., 2005; Taivassalo et al., 1996, 1998, 1999, 2001, 2006;
Adhihetty et al., 2007; Murphy et al., 2008; Jeppesen et al.,
2006, 2009; Siciliano et al., 2000, 2012; Bates et al., 2013;
Fiuza-Luces et al., 2018a) and in preclinical models of MD
(Clark-Matott et al., 2015; Safdar et al., 2011, 2016; Fiuza-
Luces et al., 2019; Ross et al., 2019), the evidence regarding
potential neuroprotective effects is more scarce, with data

supporting aerobic training-induced neuroprotection reported
only in the mitochondrial DNA Mutator mouse (Safdar et al.,
2011; Clark-Matott et al., 2015; Ross et al., 2019). Further,
compared to aerobic training the neuroprotective effects of
resistance exercise have been scarcely studied (Pinho et al., 2019).
This is an important point because it is widely accepted by
international guidelines that muscle resistance training should be
included in any exercise program for its multi-systemic benefits
(World Health Organization, 2010), which are comparable to
those of aerobic exercise at least at the cardiometabolic level
(Fiuza-Luces et al., 2018b).

The aim of the present study was to assess the effects
of an 8-week exercise training intervention (‘Ex,’ including
both endurance and resistance exercises) in Hq and age- and
gender-matched wild-type (WT) mice compared to a control
(non-exercise) sedentary (‘Sed’) group, analyzing the currently
known hallmarks of disease in the Hq mice at the cerebellum
level: OXPHOS deficiency, neuronal loss, oxidative stress and
neuroinflammation; and at the brain level: analysis of enzyme
activities and levels of the oxidative phosphorylation system,
oxidative stress and neuroinflammation.

RESULTS

The mean age of the mice (all four groups combined) at the
start of the intervention was 12 ± 0.1 weeks. The mean age
of the Hq mice (both Hq-Ex and Hq-Sed group combined)
at symptom onset (and thus at the start of the exercise
intervention for Hq-Ex) was also 12.1 ± 0.1 weeks. The mean
age of the mice at the end of the intervention period did not
differ between the experimental groups: 5.2 ± 0.2 (WT-Sed),
5.2 ± 0.1 (WT-Ex), 5.3 ± 0.1 (Hq-Sed), and 5.3 ± 0.1 months
(Hq-Ex) (p = 0.489).

OXPHOS System
Analysis of representative subunits of OXPHOS complexes in
the cerebellum detected by western blotting are shown in
Figure 1A. A significant group effect was found for the protein
level of subunits of the three functional modules of complex
I – NADH:ubiquinone oxidoreductase subunit B8 (NDUFB8,
p < 0.0001), A9 (NDUFA9, p < 0.0001) and the core subunit 1
(NDUFS1, p = 0.0005) – and the complex IV subunit cytochrome
oxidase subunit 1 (COXI, p = 0.0163), with levels in all cases
lower in Hq mice than in WT mice irrespective of training
status with the exception of COXI, in which post hoc differences
were only observed between the two sedentary groups, and
without differences between exercised and sedentary animals
within genotypes. A significant group effect was also found
for ATP synthase subunit α (ATP5α, p = 0.0013) with levels
higher in exercised Hq mice than in exercised WT mice, and
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FIGURE 1 | OXPHOS subunits and mitochondrial content. (A) Western blot analysis of representative OXPHOS components and (B) mitochondrial content markers
in cerebellum homogenates of wild-type sedentary (WT-Sed, n = 12) and exercise-trained (WT-Ex, n = 11) mice, and of Hq sedentary (Hq-Sed, n = 11) and
exercise-trained (Hq-Ex, n = 10) mice. Densitometry analysis: protein levels were normalized to γ-tubulin levels; data (median, interquartile range, and min and max
values) are expressed relative to levels in the WT-Sed group. Significant p-values for group effect (Kruskal-Wallis test) are shown above the corresponding boxes.
Symbols for significant differences in post hoc pairwise comparisons: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 for Hq-Sed vs. WT-Sed, and Hq-Ex vs .WT-Ex. ATP5α,
ATP synthase subunit alpha; Core 2, ubiquinol-cytochrome C reductase core protein 2; COXI, cytochrome c oxidase subunit I; CS, citrate synthase; HSP60, heat
shock protein 60; NDUFA9, NADH:ubiquinone oxidoreductase subunit A9; NDUFB8, NADH:ubiquinone oxidoreductase subunit B8; NDUFS1, NADH:ubiquinone
oxidoreductase subunit S1; NRF1, nuclear respiratory factor 1; SDHB, succinate dehydrogenase complex iron sulfur subunit B; VDAC1, voltage-dependent
anion-selective channel protein 1.

without differences between exercised or sedentary animals
within genotypes.

Regarding mitochondrial content indicators, we found a
significant group effect for voltage-dependent anion-selective
channel protein 1 (VDAC1, p < 0.0001), heat shock protein 60
(HSP60, p = 0.0013) and nuclear respiratory factor 1 (NRF1,
p = 0.0029), with lower levels of NRF1 but higher levels of VDAC1
and HSP60 in Hq relative to WT mice irrespective of training
status, and without differences between exercised or sedentary
animals within genotypes (Figure 1B). No significant group effect
was found for citrate synthase (CS).

To specifically assess complex I and IV deficiency in cerebellar
Purkinje cells, we performed quadruple immunohistochemistry
against gene associated with retinoic and interferon-induced
mortality 19 protein (Grim-19) and COXI in tissue sections,
using anti-glutamic acid decarboxylase 65/67 (GAD-65/67), and
succinate dehydrogenase complex subunit A (SDHA) antibodies
as markers of Purkinje cell and mitochondria, respectively
(Figure 2). A significant group effect (p < 0.0001) was found
for Grim-19, with levels lower in Hq mice than in WT mice

irrespective of training status, and without differences between
exercised or sedentary animals within genotypes. No group effect
was found for the remaining variables (COXI, GAD-65/67, or
SDHA). Indeed, the intensity staining of SDHA was similar
between all the experimental groups, suggesting the absence of
changes in mitochondrial content in the Purkinje cells due to AIF
deficiency or exercise training.

Neuron Loss
A significant group effect was found for the granular and
molecular layers thickness (both p < 0.0001), with levels lower
in Hq mice than in WT mice irrespective of training status,
and without differences between exercised or sedentary animals
within genotypes (Figure 3A). The loss of granular and Purkinje
cells in the cerebellum of Hq mice was semi-quantified by
western blotting using antibodies against the specific markers
Fox-3 (also known as Rbfox3 or hexaribonucleotide binding
protein-3 [NeuN]) and calbindin (Figure 3B). A significant
group effect was found for NeuN (p < 0.0001), with levels
lower in Hq mice than in WT mice irrespective of training
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FIGURE 2 | Immunohistochemistry analysis of respiratory complexes and Purkinje neuron markers. Immunodetection of markers of Purkinje cells, GAD-65/67 (blue);
respiratory chain complex I, GRIM-19 (red); complex IV, COXI (green); complex II, SDHA (violet); and merged images in slices of cerebellum of wild-type sedentary
(WT-Sed, n = 10) and exercise-trained (WT-Ex, n = 9) mice, and Hq sedentary (Hq-Sed, n = 10), and exercise-trained (Hq-Ex, n = 8) mice. Quantitative analysis of the
signal intensities: data (median, interquartile range, and min and max values) are expressed relative to the intensity of the WT-Sed group. Significant p-values for
group effect (Kruskal-Wallis test) are shown above the corresponding boxes. Symbols for significant differences in post hoc pairwise comparisons: ∗∗p < 0.01;
∗∗∗p < 0.001 for Hq-Sed vs WT-Sed, and Hq-Ex vs. WT-Ex. Abbreviations: COXI, cytochrome c oxidase subunit I; GAD-65/67, glutamate descarboxilase 65/67;
GRIM-19, gene associated with retinoic and interferon-induced mortality 19 protein; SDHA, succinate dehydrogenase complex iron sulfur subunit A. Analyses were
performed in 1,000 cells (i.e., 187 cells for 7 WT-Sed animals; 168 cells for 5 WT-Ex animals; 293 cells for 6 Hq-Sed 6 animals, and 352 cells for 5 Hq-Ex animals).

status, and no significant group effect was found for calbindin.
However, calbindin-positive cell counting in tissue sections
demonstrated that Purkinje cells were significantly fewer in
Hq mice than in WT mice, and without differences between
exercised or sedentary animals within genotypes (p = 0.0327)
(Figure 3C, left panel). Histological staining also demonstrated
a marked reduction in the complexity of Purkinje cell dendrites
in Hq mice when compared with WT mice (Figure 3C,
right panel), a phenomenon that exercise training did not
seem to attenuate.

Analysis of the pre-intervention group also showed lower
NeuN levels in the cerebellum of Hq mice when compared with
their healthy age-matched controls (1.0 ± 0.16 and 0.77 ± 0.06,
WT and Hq, respectively, p = 0.048). Together with the cerebellar
atrophy also observed in Hq mice (data not shown), this finding
indicates that granule cell degeneration had already begun
before the exercise intervention had started. This suggests that
once the neurodegenerative process is initiated, the exercise
intervention is unable to delay granular cell death or the
subsequent loss of dendrites of Purkinje cells — with both
phenomena evident at the end of the intervention period in the
two Hq groups.

Apoptosis
To assess whether neuron loss in Hq mice was due to higher
levels of apoptosis, as previously reported (Klein et al., 2002), and
to also examine the potential effects of the exercise intervention
on this mechanism, we measured apoptosis effector protein
abundance by western blotting (i.e., pro-caspase 3 and active

caspase 3, and the active form of poly ADP ribose polymerase 1
[PARP1]). No significant group effect was found for pro-caspase
3 or PARP1 (Figure 4A), and active caspase 3 was not detected
in any experimental group. However, we found a significant
group effect (p < 0.0001) for p53 – an alternative pathway to the
canonical caspase-induction pathway that also induces apoptosis
in response to cellular stressors (Stambolsky et al., 2006).
Specifically, p53 levels were higher in Hq mice than in WT mice
irrespective of training status, and without differences between
exercised or sedentary animals within genotypes. Finally, we used
the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick-end labeling (TUNEL) staining to test whether p53-induced
apoptosis was active, but we failed to detect any TUNEL-positive
(apoptotic) cell in WT or Hq cerebellum tissue irrespective of
their training status (Figure 4B). By contrast, when we studied
the younger, pre-intervention Hq and WT mouse groups (those
sacrificed at 6–8 weeks of age vs. 22 weeks on average for
the four study groups), we detected apoptotic granule cells in
the cerebellum of Hq animals but not in their WT referents
(data not shown).

Oxidative Stress Markers and
Antioxidant Enzymes
To determine whether exercise training could attenuate the
oxidative stress previously described in the Hq mouse model
(Klein et al., 2002), we measured the levels of proteins modified
by the lipid peroxide hydroxynonenal (HNE-prot), and of
three antioxidant enzymes (mitochondrial superoxide dismutase
[MnSOD], catalase, and peroxiredoxin 6) by western blotting
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FIGURE 3 | Cerebellar atrophy and neuronal loss. (A) Mean thickness of granular and molecular layers of cerebellar cortex. Analyses were performed in 9 WT-Sed, 8
WT-Ex, 11 Hq-Sed and 9 Hq-Ex animals, using 1 section per mouse. (B) Western blot analysis of NeuN and calbindin in cerebellum homogenates of wild-type
sedentary (WT-Sed, n = 12) and exercise-trained (WT-Ex, n = 11) mice, and of Hq sedentary (Hq-Sed, n = 11) and exercise-trained (Hq-Ex, n = 10) mice.
Densitometry analysis: protein levels were normalized to γ-tubulin levels; data (median, interquartile range, and min and max values) are expressed relative to levels in
the WT-Sed group. (C) Immunohistochemistry analysis of calbindin in sagittal sections of cerebellum of representative WT-Sed, WT-Ex, Hq-Sed and Hq-Ex mice (10×

and 40×) and quantitative analysis of calbindin-positive cells (Purkinje neurons) per mm in cerebellar cortex. Significant p-values for the group effect (Kruskal-Wallis
test) are shown above the corresponding boxes. Symbols for significant differences in post hoc pairwise comparisons: ∗p < 0.05; ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 for
Hq-Sed vs. WT-Sed, and Hq-Ex vs. WT-Ex. Analyses were performed in 5 animals for each of the four experimental groups, 2–6 images per animal.

(Figure 5). A significant group effect was found for HNE-prot
(p = 0.0012), MnSOD (p = 0.019), catalase (p = 0.0076) and
peroxiredoxin 6 (p < 0.0001), with significant post hoc differences
for all these variables with the exception of MnSOD, with overall
higher levels in Hq relative to WT mice irrespective of training
status, and without differences between exercised or sedentary
animals within genotypes.

Astroglial and Microglial Activation
To assess the effects of the exercise training on
neuroinflammation, we analyzed the intermediate filament
proteins glial fibrillary acidic protein (GFAP) and vimentin,
indicative of astroglial activation, that were considerably more
abundant in the cerebellum of Hq mice, finding a significant
group effect for both proteins (p < 0.0001), with higher levels
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FIGURE 4 | Apoptosis markers. (A) Western blot analysis of pro-caspase 3, poly [ADP-ribose] polymerase 1 (PARP1) and p53 in cerebellum homogenates of
wild-type sedentary (WT-Sed, n = 12) and exercise-trained (WT-Ex, n = 11) mice, and of Hq sedentary (Hq-Sed, n = 11) and exercise-trained (Hq-Ex, n = 10) mice.
Densitometry analysis: protein levels were normalized to γ-tubulin levels; data (median, interquartile range, and min and max values) are expressed relative to levels in
the WT-Sed group. Significant p-values for the group effect (Kruskal-Wallis test) are shown above the corresponding boxes. Symbols for significant differences in
post hoc pairwise comparisons: ∗p < 0.05; ∗∗p < 0.01 for Hq-Sed vs. WT-Sed, and Hq-Ex vs. WT-Ex. (B) Detection of apoptotic nuclei in cerebellar cortex by
TUNEL assay, counterstained with hematoxylin (10×). DNase-treated samples were used as a positive control. Analyses were performed in 12 WT-Sed, 11 WT-Ex,
11 Hq-Sed and 9 Hq-Ex mice (1 section per mouse).

in Hq mice than in WT mice irrespective of training status and
without differences between exercised or sedentary animals
within genotypes (Figure 6A). We also analyzed GFAP by
immunofluorescence, finding higher mean fluorescence levels
(which are indicators of astroglial activation) in the cerebellar
cortex of both Hq groups compared to WT mice (p = 0.0023),
with significant post hoc differences for Hq-Sed vs. WT-Sed
(Figures 6B,C). Closer inspection of higher magnification
images showed granule cell engulfment by astrocytic processes
in Hq mice, a phenomenon much less frequent in WT cerebellar
tissue (Figure 6C).

To further assess whether microglial cell activation occurred
in the cerebellum of Hq mice, we analyzed the levels of ionized
calcium binding adaptor molecule 1 (IBA1) by western blotting
in total cerebellum homogenates. A significant group effect was

found for this microglial marker (Figure 7A) (p < 0.0001),
with levels higher in sedentary Hq mice than in sedentary WT
mice, and without differences between exercised or sedentary
animals within genotypes. These results correlated well with
the immunofluorescence analysis of this marker in tissue
sections, with evident IBA1-positive cells in both granular and
molecular layers (Figures 7B,C). IBA1-positive cells per mm2

were more abundant in both Hq mice groups than in WT
mice irrespective of training status (Figure 7C) (p = 0.0022).
To evaluate the pro- (M1-like) or anti-inflammatory (M2-
like) polarization of activated microglial cells, we determined
the levels of the pro-inflammatory cytokines tumor necrosis
factor (TNF)-α and interleukin (IL)-1β, as markers of M1-like
cerebellar microglia, and arginase 1 (ARG1) as an M2 marker
(Figure 7A). The results showed a significant group effect for
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FIGURE 5 | Oxidative stress marker and antioxidant enzymes. Western blot analysis of 4-hydroxynonenal-modified proteins (HNE-prot), manganese superoxide
dismutase (MnSOD), catalase and peroxiredoxin 6, in cerebellum homogenates of wild-type sedentary (WT-Sed, n = 12) and exercise-trained (WT-Ex, n = 11) mice,
and of Hq sedentary (Hq-Sed, n = 11) and exercise-trained (Hq-Ex, n = 10) mice. Densitometry analysis: protein levels were normalized to γ-tubulin levels; data
(median, interquartile range, and min and max values) are expressed relative to levels in the WT-Sed group. Significant p-values for the group effect (Kruskal-Wallis
test) are shown above the corresponding boxes. Symbols for significant differences in post hoc pairwise comparisons: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 for
Hq-Sed vs. WT-Sed, and Hq-Ex vs. WT-Ex.

TNF-α (p = 0.0005) and IL-1β (p = 0.0449), with levels of
the former higher in Hq mice than in WT mice irrespective
of training status, and without differences between exercised
or sedentary animals within genotypes. Our results thus reflect
astrocyte and microglial activation and polarization towards
a pro-inflammatory or M1-like phenotype in the Hq mouse
cerebellum, a phenomenon that the exercise intervention
failed to attenuate.

Exercise Training Effects on Brain
Variables
To assess if the training intervention was able to induce any
significant effect on other regions of the CNS, we analyzed

several variables related to OXPHOS system, oxidative stress
and neuroinflammation in brain total homogenates by western
blot (Table 1). In brain, a significant group effect was found
for the levels of NDUFB8, NDUFS1 and COXI (p < 0.0001,
p = 0.0028, and p = 0.0044, respectively), with post hoc differences
observed for NDUFB8 in both Hq groups vs. their respective
WT controls, and for the Hq-Ex vs. WT-Ex for COXI, and
without differences between exercised or sedentary animals
within genotypes. We did not observe any group effect neither
in the oxidative stress marker HNE-prot, nor in the antioxidant
enzymes levels (Table 1). On the contrary, a significant group
effect was detected for GFAP, that was higher in both Hq mice
groups, with post hoc differences only between Hq-Sed and WT-
Sed animals (p < 0.0001).
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FIGURE 6 | Astrogliosis markers. (A) Western blot analysis of glial fibrillary acidic protein (GFAP) and vimentin in cerebellum homogenates of wild-type sedentary
(WT-Sed, n = 12) and exercise-trained (WT-Ex, n = 11) mice, and of Hq sedentary (Hq-Sed, n = 11) and exercise-trained (Hq-Ex, n = 10) mice. Densitometry analysis:
protein levels were normalized to γ-tubulin levels; data (median, interquartile range, and min and max values) are expressed relative to levels in the WT-Sed group.
Significant p-values for the group effect (Kruskal-Wallis test) are shown above the corresponding bars. Symbols for significant differences in post hoc pairwise
comparisons: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001 for Hq-Sed vs. WT-Sed, and Hq-Ex vs. WT-Ex. (B) Immunodetection of GFAP (green) and NeuN
(red), cell nuclei (blue) and merged images in representative sedentary WT and Hq mice (10×). Inmunofluorescence semi-quantitation was performed in 6 WT-Sed, 6
WT-Ex, 5 Hq-Sed and 5 Hq-Ex animals (1 section per mouse). Only representative WT-Sed and Hq-Sed images are shown for simplicity purposes, due to absence
of training-induced effect. (C) Higher magnification images showing direct interaction between GFAP-positive astrocytes (green) and granule neurons (red) in a
representative sedentary Hq mouse (63×).

To determine if the training effect was able to promote
functional changes in the OXPHOS system we measured their
enzyme activities in the brain homogenates (Figure 8). According
to the lower level of some complex I subunits in brain, we
detected a significant group effect for the activities of complex
I, and complex I coupled to complex III (p < 0.0001, both
variables), with lower activities in both Hq groups in comparison
with their respective WT controls, and without differences
between exercised or sedentary animals within genotypes.
Also, a significant effect was observed for complex V activity

(p < 0.0001), that, in turn, was higher in both Hq mice groups in
comparison with WT animals, and post hoc analysis also revealed
differences between sedentary and trained Hq mice.

DISCUSSION

The main finding of the present study was that despite the strong
improvements in aerobic capacity and muscle strength recently
reported by us in the same animal model (Fiuza-Luces et al.,
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FIGURE 7 | Microglial activation and polarization markers. (A) Western blot analysis of ionized calcium binding adapter molecule 1(IBA1), tumor necrosis factor α

(TNF-α), interleukin 1 β (IL-1β), and arginase 1 (ARG1) in cerebellum homogenates of wild-type sedentary (WT-Sed, n = 12) and exercise-trained (WT-Ex, n = 11)
mice, and of Hq sedentary (Hq-Sed, n = 11) and exercise-trained (Hq-Ex, n = 10) mice. Densitometry analysis: protein levels were normalized to γ-tubulin levels; data
(median, interquartile range, and min and max values) are expressed relative to levels in the WT-Sed group. Significant p-values for the group effect (Kruskal-Wallis
test) are shown above the corresponding boxes. Symbols for significant differences in post hoc pairwise comparisons: ∗p < 0.05; ∗∗∗p < 0.001 for Hq-Sed vs.
WT-Sed, and Hq-Ex vs. WT-Ex. (B) Immunofluorescence analysis of cerebellar cortex for detection of GFAP (green), and IBA1 (red), and nuclei (blue), and merged
images in representative sedentary WT and Hq mice (10×). Analyses were performed in 5 animals for each experimental group, 1 slide per animal. Only
representative WT-Sed and Hq-Sed images are shown for simplicity purposes, due to absence of training-induced effect. (C) Higher magnification image of a
representative sedentary Hq mouse showing activated microglial cells in both granule and molecular layers (63×).

2019), the exercise training intervention failed to counteract the
neurodegeneration observed in the cerebellum – as well as in
brain – of Hq mice.

Physical exercise has a potential neuroprotective effect,
especially at the level of the hippocampus (Valenzuela et al.,
2020). First, it promotes neurogenesis via increases in exercise-
induced metabolic factors such as lactate and ketone bodies,

which are able to cross the blood-brain barrier (BBB). Voluntary
aerobic exercise leads to the accumulation of lactate in the
hippocampus, where it promotes an improvement of cognitive
function (learning and memory) via increased expression of
brain-derived neurotrophic factor (BDNF) (El Hayek et al.,
2019). Prolonged aerobic exercise also induces the production
of ketone bodies (β-hydroxybutyrate and acetoacetate), which
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TABLE 1 | Brain variables.

WT-Sed WT-Ex Hq-Sed Hq-Ex N with data p-value for group
effect

NDUFB8 1.00 ± 0.14 1.05 ± 0.14 0.26 ± 0.04** 0.23 ± 0.05*** 12,11,11,10 <0.0001

NDUFA9 1.00 ± 0.12 1.14 ± 0.07 1.01 ± 0.09 0.79 ± 0.05 12,11,11,10 Ns

NDUFS1 1.00 ± 0.07 1.23 ± 0.15 0.80 ± 0.09 0.69 ± 0.06 12,11,11,10 0.0028

SDHB 1.00 ± 0.11 1.24 ± 0.17 1.13 ± 0.15 1.13 ± 0.15 12,11,11,10 Ns

Core2 1.00 ± 0.05 1.13 ± 0.12 0.94 ± 0.911 0.92 ± 0.11 12,11,11,10 Ns

COXI 1.00 ± 0.05 1.14 ± 0.12 0.87 ± 0.10 0.75 ± 0.08* 12,11,11,10 0.0044

ATP5α 1.00 ± 0.05 1.16 ± 0.13 0.83 ± 0.13 0.92 ± 0.09 12,11,11,10 Ns

CS 1.00 ± 0.06 0.90 ± 0.08 0.86 ± 0.06 0.85 ± 0.06 12,11,11,10 Ns

HNE-Prot 1.00 ± 0.13 0.90 ± 0.22 1.04 ± 0.15 0.69 ± 0.15 8,9,8,8 Ns

MnSOD 1.00 ± 0.07 0.97 ± 0.08 1.08 ± 0.05 1.12 ± 0.07 11,11,11,10 Ns

Catalase 1.00 ± 0.04 0.93 ± 0.04 0.97 ± 0.03 1.03 ± 0.5 12,11,11,10 Ns

PRDX6 1.00 ± 0.13 0.64 ± 0.08 1.14 ± 0.21 1.00 ± 0.14 12,10,11,10 Ns

GFAP 1.00 ± 0.22 1.35 ± 0.39 4.01 ± 0.36*** 3.38 ± 0.57 12,11,11,10 <0.0001

Data are expressed as mean ± standard error of the mean. The Kruskal-Wallis test was detected whether a group effect existed, with statistical significance set at 0.05
and the Tukey test applied for post hoc pairwise comparisons. Symbols for post hoc comparisons: *p < 0.05, **p < 0.01, ***p < 0.001 for Hq-Sed vs WT-Sed, and Hq-Ex
vs WT-Ex. Ns, not significant; WT-Sed, WT sedentary; WT-Ex, exercise-trained WT; Hq-Sed, sedentary Hq; Hq-Ex, exercise-trained Hq.

FIGURE 8 | OXPHOS enzymatic activities in brain homogenates. Enzyme
activities in total brain homogenates of wild-type sedentary (WT-Sed, n = 12),
and exercise-trained (WT-Ex, n = 11) mice, and of Hq sedentary (Hq-Sed,
n = 11) and exercise-trained (Hq-Ex, n = 10) mice. Data (median, interquartile
range, and min and max values) are expressed relative to levels in the WT-Sed
group. Significant p-values for the group effect (Kruskal-Wallis test) are shown
above the corresponding boxes. Symbols for significant differences in
post hoc pairwise comparisons: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 for
Hq-Sed vs. WT-Sed, and Hq-Ex vs. WT-Ex; #p < 0.05 for Hq-Ex vs. Hq-Sed.
Abbreviations: CI, II, III, IV, and V, respiratory complexes I, II, III, IV, and V;
CI+III, activity of complex I coupled to complex III; CII+III, activity of complex II
coupled to complex III; CS, citrate synthase.

stimulate the production of BDNF at the brain level (Sleiman
et al., 2016; Hu et al., 2018). In addition, muscle contractions
induce the release of molecules (mostly small peptides) into
the bloodstream known as ‘myokines’, such as cathepsin-
B (Moon et al., 2016) and irisin (Wrann et al., 2013),
which can cross the BBB to induce neuroprotection. Previous
studies have also found a beneficial effect of exercise training
on neuroinflammation. Physical exercise has been indeed
reported to promote a phenotypic conversion of M1 to M2

microglia along with an increased and reduced expression
of anti- and pro-inflammatory cytokines, respectively, in
different rodent models of neurodegeneration (e.g., aging,
Alzheimer’s disease) (Kohman et al., 2013; He et al., 2017;
Jiang et al., 2017; Lu et al., 2017). In addition, physical
exercise seems to enhance antioxidant capacity in the brain,
as confirmed in healthy rodent models of different ages
(Camiletti-Moirón et al., 2013).

Consistent with the hypothesis of a neuroprotective effect
of exercise, previous findings in the Mutator mouse model
of MD and in other rodent models of neurodegeneration
have demonstrated aerobic training-induced mitigation of
mitochondrial dysfunction in the CNS (Safdar et al., 2011;
Lai et al., 2019), including oxidative stress, neuron loss,
neuroinflammation or protein deregulation (Clark-Matott et al.,
2015; Do et al., 2018; Ross et al., 2019). The fact that our
intervention started when the first signs of ataxia were evident
and neuronal cell death had already occurred might explain,
at least partly, why we did not find significant improvements.
For example, in the studies performed with the Mutator
mouse (a model of progeroid aging due to a mutation in
mitochondrial DNA polymerase), whose age of symptoms (not
directly related to the CNS) onset is usually 25 weeks (Trifunovic
et al., 2004), exercise training initiating before symptom onset
(i.e., at 3 months of age) was able to normalize deficits in
neurotransmitters as well as levels of carnitine, oxidative stress,
and protein expression (Safdar et al., 2011; Clark-Matott et al.,
2015; Ross et al., 2019). Moreover, in those studies the duration
of the exercise intervention was 5–6 months, which is more than
twice the duration of the present intervention. Likewise, in mouse
models of Alzheimer (Do et al., 2018) and Parkinson (Lai et al.,
2019) disease, in which exercise training-induced attenuation
of neuroinflammation, cell death, and oxidative function has
been reported, the training programs started before the onset
of symptoms, and in the Parkinson disease study the training
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program was in fact longer that the one we applied here (Lai
et al., 2019). Thus, an early start of the training intervention,
as well as long-term protocols, could be key factors to promote
neuroprotection in mouse models of neurodegeneration. This
being said, early exercise interventions are difficult to implement
in patients with MD, as the time of symptom onset usually
precedes that of diagnosis. As such, our exercise intervention
mimics real-world clinical scenarios. In this context, it seems
that exercise training in patients diagnosed with MD is likely
to induce significant benefits in cardiorespiratory and muscle
fitness, which is clinically relevant because both variables are
markers of cardiometabolic health (Fiuza-Luces et al., 2018b), but
will not attenuate cerebellar degeneration.

Exercise training can induce motor skill learning through
the promotion of synaptic plasticity and remodeling in those
areas involved in the activity. Accordingly, long-term programs
of physiotherapy designed to promote neural plasticity, as well
as new video game-based therapy, improve ataxia symptoms
(Aranca et al., 2016; Wang et al., 2018). In the present
study, we observed the same extent of atrophy in the
dendritic tree of Purkinje cells in sedentary and trained Hq
mice, demonstrating that exercise was unable to protect pre-
existing synapses. Beyond the aforementioned issue related to
the age at which the intervention started, the fact that the
activity program we used was based more on unskilled motor
movements (running on the treadmill, or resistance training)
might also have contributed to the lack of intervention effects
at the cerebellar level. However, we believe it is important
to assess the effects of continuous muscle work (i.e., aerobic
and resistance exercises), as muscle contractions are known
to elicit a neuroprotective milieu given the aforementioned
muscle-brain crosstalk.

Although exercise training did not elicit any adaptive response
in the cerebellum of Hq mice, this intervention induced higher
complex V activity in the brain of trained Hq mice in comparison
with their sedentary Hq counterparts, activity that was higher
in both Hq groups than in WT animals. In the present study
the activity of complex V was measured as ATPase (Kirby
et al., 2007), therefore, it is tempting to speculate that in the
brain of Hq mice the higher reverse complex V activity could
be consuming glycolysis-derived ATP to sustain mitochondrial
membrane potential, a key parameter for cell viability, that could
not be maintained by the activity of respiratory chain, due to
complex I deficiency. In fact, this compensatory mechanism has
been reported formerly in isolated nerve terminals (Chinopoulos
and Adam-Vizi, 2010), and our results indicate that it operates
to a higher extent in the trained Hq mice. Previous studies in Hq
mice have not reported changes in complex V activity (Vahsen
et al., 2004; Bénit et al., 2008), probably due to methodological
differences (i.e., in the enzyme assay performed, the portion of
the nervous system, or the cellular fraction analyzed). Further
studies to assess the role of the reverse activity of complex V
in the Hq mouse nervous tissue and its response to exercise
training are needed.

Interventions other than exercise have been proposed as
potentially beneficial in Hq mice. For instance, a mitochondrial
redox compound (methylene blue) has been recently reported

to attenuate oxidative stress and prevent retinal degeneration
in this mouse model (Mekala et al., 2019). Overexpression of
neuroglobulin – a molecule that exerts neuroprotective effects
through modulating respiratory chain function – has been
reported to prevent the neurodegeneration (i.e., retinal ganglion
cell loss, optic nerve atrophy) that would otherwise occur in Hq
mice (Lechauve et al., 2014). In addition, Hq mice fed with a
high-fat diet from weaning (1 month) have been reported to
present with an attenuation of several disease-related markers
(e.g., phospholipid levels in cerebellum membranes, cerebellum
weight, and rotarod performance) (Schiff et al., 2011). Future
studies should confirm whether physical exercise protocols
different to the one applied here or conducting the exercise
intervention before symptoms appear could not only improve
physical performance as we recently showed (Fiuza-Luces et al.,
2019), but also prevent neurodegeneration.

There are some limitations in our study. The time course
of the disease in the Hq mouse model precludes the possibility
of implementing the training program before symptom onset.
Indeed, molecular symptoms appear very early as demonstrated
in pre-intervention Hq mice. The severity of the symptoms in
this model also limits application of high exercise intensities,
with the training workloads used in our study being possibly
below the threshold needed to maximize biological adaptations.
On the other hand, the potential stress situation associated
with forced (treadmill) exercise in mice might have attenuated
the potential neuroprotective effects of exercise, as opposed to
the more ‘natural’ or ‘spontaneous’ voluntary wheel training
model. We might have also failed to detect subtle positive
training-induced effects due to technical limitations, such as the
use of conventional cell counting or cerebellar layer thickness
determination instead of the more accurate stereological
methodology. In turn, there are some major strengths in
our design, particularly the fact that the study was well
controlled and that we assessed for the first time the effects
of a combined training program including resistance training,
an exercise modality that has not been previously tested in
mouse models of MD.

In summary, a combined training program (aerobic and
resistance exercises) initiated when neurological symptoms and
neuron death are already apparent (i.e., ∼3 months) is unlikely to
promote a significant neuroprotection in a mouse model of MD,
and reveals the difficulty of treating some severe conditions based
only on lifestyle interventions.

MATERIALS AND METHODS

Animals
All experimental protocols received Institutional Review Board
approval (Hospital 12 de Octubre, project number PROEX111/15)
and were conducted in accordance with ARRIVE guidelines and
with European (European convention ETS 123) and Spanish
(32/2007 and R.D. 1201/2005) laws on animal protection in
research. Hemizygous (n = 21, Hq/Y hereafter named ‘Hq’,
B6CBACa Aw−J/A-Aifm1Hq/J) and WT male mice of the
same strain (all 6–8 weeks old) were purchased from The
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Jackson Laboratory (Bar Harbor, ME, United States). Mice were
housed in the animal facility of Hospital 12 de Octubre in
controlled conditions of temperature (21◦C), humidity (60%) and
ventilation, with 12-h light/dark cycles and with ad libitum access
to food and water.

Study Design
Study variables were measured after training (i.e., when animals
were 24–26 weeks old). The animals and exercise training
protocols have been described in detail in a recent study by
our group (Fiuza-Luces et al., 2019). Briefly, Hq and WT mice
were evaluated from 8 weeks of age until the first signs of
ataxia appeared in the former. To ensure that all Hq mice
presented with the same degree of disease affectation at the
moment of their allocation to the exercise or control groups
(see below), the locomotion ability of each animal was assessed
by two independent examiners with the mouse walking on a
treadmill and by scoring walking gait balance, ability to walk
straight, and alterations in hind limb gait (Fiuza-Luces et al.,
2019). Cerebellar ataxia was also tested using the rotarod device
on alternative days during the evaluation phase. Data obtained
from WT animals during the same period were used as a
reference for absence of locomotor and coordination alterations.
When according to the scores obtained in the evaluation the
first signs of ataxia were evident, each Hq mouse and an
age-paired WT animal performed an incremental treadmill test
(after prior familiarization) as previously described (Fiuza-Luces
et al., 2013). Mice were then paired-matched based on their
aerobic capacity and assigned to an exercise (Ex) group, subjected
to an 8-week exercise training program [WT-Ex [n = 11] and
Hq-Ex (n = 10)], or to a control (non-exercise) sedentary (Sed)
group, allowed to freely move in the cage but not performing
the program [WT-Sed (n = 12) and Hq-Sed (n = 11)]. An
additional ‘pre-intervention’ group of WT (n = 5) and Hq (n = 4)
mice was sacrificed before the first signs of ataxia were evident
(at 6–8 weeks of age).

Exercise Intervention
Exercise training consisted of five sessions per week
(Monday–Friday; session duration, 40–60 min), each including
aerobic treadmill running, coordination (rotarod), and
resistance or ‘strength’ (horizontal screen, two-limb hanging)
exercises, as described (Fiuza-Luces et al., 2019). Before
and after the period corresponding to the exercise training
program, all the mice performed an exercise treadmill test,
and a rotarod and a grip strength test to assess endurance
capacity, coordination and muscular strength, respectively
(Fiuza-Luces et al., 2019).

Regarding aerobic exercise, the duration, treadmill speed, and
inclination were gradually increased during the 8-week program
following an interval training protocol previously described with
minor modifications (Fiuza-Luces et al., 2013). Thus, the relative
workload was progressively and individually (i.e., based on the
baseline treadmill assessment test) risen for each mouse in the
Ex groups, increasing from 20 min at 35% of the maximal
velocity in the treadmill test and 0% gradient at the start of
the program to 40 min at 65–70% of maximal velocity and

15% gradient in the last sessions. Resistance training included
horizontal screen exercise, hanging with two limbs exercise
and rotarod exercise. The time and/or repetitions of horizontal
screen and hanging exercises were gradually increased during
the training program. For the rotarod exercise animals walked
the rotating rod at increasing speed from 4 to 40 rpm over a
300 s period, and after the first fall, the number of rpm was
recorded, and the mouse exercised at this speed during 5 min
(Fiuza-Luces et al., 2019).

Finally, 48 h after the last exercise capacity test, mice were
sacrificed by cervical dislocation, and brain and cerebellum were
dissected and processed.

Tissue Processing
The left hemisphere of the brain and cerebellum, respectively,
were immediately snap-frozen in liquid nitrogen and stored
at 80◦C for biochemical analysis. The right hemispheres
(midsagittal section) were fixed in 4% paraformaldehyde and
paraffin-embedded in blocks for histology (5-µm sections).
Frozen tissues were processed to obtain total tissue homogenates
with ice-cold RIPA buffer (50 mM Tris–HCl pH 7.4, 1% NP-
40, 0.5% Na-deoxycholate, 1% SDS, 150 mM NaCl, 2 mM
EDTA) plus protease and phosphatase inhibitors (Roche
Diagnostics Corp., Indianapolis, IN, United States) using a
Potter homogenizer. Protein concentration was determined
with the BCA Assay Kit (Pierce, Thermo Scientific, Waltham,
MA, United States).

Western Blotting
Protein levels of respiratory chain complex subunits, antioxidant
enzymes, markers of oxidative stress and proteins involved
in glial activation and neuronal transmission were determined
by western blotting. Briefly, samples of total homogenates
were loaded onto SDS-PAGE gels (7.5 to 15%). Resolved
proteins were transferred to PVDF membranes, blocked with
5% skimmed milk or bovine serum albumin, incubated
with primary (Supplementary Table 1) and HRP-conjugated
secondary antibodies, and finally developed with the ECL
Prime Western Blotting Detection Reagent (Amersham GE
Healthcare, Little Chalfont, United Kingdom). Densitometry was
performed with ImageJ (National Institutes of Health, Bethesda,
MD, United States).

Immunohistochemistry and
Immunofluorescence
Paraffin embedding, sectioning and hematoxylin-eosin staining
for measurement of cerebellar layer thickness were performed
according to standard protocols. Immunohistochemistry
staining with diaminobenzidine (DAB) was used to count
calbindin-positive Purkinje cells. Carazzi hematoxylin (Panreac,
Darmstadt, Germany) was used as a counterstain, and slides
were mounted with Limonene mounting medium (Abcam,
Cambridge, United Kingdom). Immunofluorescence in paraffin-
embedded tissues slides was performed for multiple protein
staining. After deparaffinization and rehydration, antigen
retrieval was performed in citrate buffer pH 6.0 or Tris-EDTA
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buffer pH 9.0, at 95–100◦ C for 20 min. Slides were permeabilized
and blocked in 2% BSA, 0.1% Triton X-100 in Tris-buffered
saline (TBS) solution, incubated with the corresponding primary
antibodies, washed and incubated with fluorescent secondary
antibodies. Slides were finally incubated with 4’,6-diamidino-
2-phenylindole (DAPI) and mounted with Dako Fluorescent
Mounting Medium (Agilent Technologies Inc., Santa Clara, CA).
Visualization of slides and image processing were performed
with a Zeiss LSM510 META confocal scanning microscope (Carl
Zeiss MicroImaging GmbH, Jena, Germany).

Cerebellar layers thickness and calbindin and IBA1-positive
cells were counted in cerebellum sections using the Image J tools
to count and measure objects, calibrating the images according to
the magnification of the objective. To determine cerebellar layer
thickness, the minimum distance between the inner and outer
limit of each layer was determined every 0.1 mm of the lobule,
and the mean value was taken as the lobule layer thickness. The
number of calbindin-positive cells in each lobule was counted
and corrected by the lobule outline measured in mm, with data
expressed as number of positive cells per mm. IBA1 positive cells
were counted in histological sections and expressed as number of
cells per mm2.

Quadruple immunofluorescence was carried out in
cerebellum sections (5 µm) using antibodies detecting subunits
of OXPHOS complexes (Supplementary Table 1) according
to previously described methods (Dobson et al., 2016). Briefly,
after deparaffinization and rehydration of the sections, antigen
retrieval was performed in 1 mM EDTA pH 8 for 40 min in
a pressure cooker and sections were washed in distilled water.
Sections were then blocked in TBS containing 1% Tween-20
(TBS-T) and 10% goat serum for 2 h at room temperature. After
additional avidin-biotin blocking, the samples were incubated
with primary antibodies diluted in 10% goat serum/TBS-T
(monoclonal mouse antibodies against COXI, GRIM-19 and
SDHA, and an anti-GAD-65/67 antibody, produced in rabbit)
and incubated overnight at 4◦ C. After three washes with TBS-T,
sections were incubated for 2 h at room temperature in 10% goat
serum/TBS-T containing a biotinylated anti-rabbit antibody.
After subsequent washes, sections were incubated with mouse
IgG-specific secondary antibodies (Alexa Fluor 488, 546, and
647 nm) and streptavidin-405 nm in 10% goat serum/TBS-T.
Finally, samples were washed again and mounted with ProLong
Gold (Life Technologies, Carlsbad, CA, United States). To
assess the mitochondrial defect in Purkinje cells, the tool ‘find
objects’ of the Volocity software (Quorum Technologies Inc.,
Laughton, United Kingdom) was used to define a region of
interest (ROI) surrounding each Purkinje cell. Every ROI
was cropped and we determined the average signal intensity
for each fluorophore. To assess non-specific background
fluorescence, no primary control section was used to obtain
average signal intensity levels at each fluorophore wavelength;
we used the whole cell surface, and this value was fixed as
background level.

Respiratory Chain Complex Activity
Activities of respiratory chain complexes I–V were determined
in cerebellum homogenates prepared in 225 mM mannitol,

75 mM sucrose, 0.1 mM ethylenediaminetetraacetic acid, and
10 mM Tris–HCl pH 7.4, according to standardized protocols
for spectrophotometric assays (Medja et al., 2009). Between
20 and 60 µg of protein were used for respiratory chain
complex measures. Citrate synthase (CS) activity was measured
as previously described, after formation of 5-thio-2-nitrobenzoic
acid in assay buffer containing 0.1% Triton X-100 and 20 µg of
protein (Trounce et al., 1996). Complex V activity was assayed
as F1-ATPase using 60 µg of protein as described elsewhere
(Kirby et al., 2007).

TUNEL Assay
The TUNEL assay was performed to detect apoptotic cells in situ
in cerebellar cortex (Abcam, Cambridge, United Kingdom).
Slides treated with 90U DNase enzyme (Sigma-Aldrich, Saint
Louis, MO, United States) were used as a positive control.

Statistical Analysis
All study variables were expressed as median, interquartile
range, and minimum and maximum values in box and
whisker plots. All variables were tested for normality of data
distribution using the D’Agostino-Pearson test. Owing to the
relatively small sample size and to the fact that almost 50%
of the study variables did not follow a Gaussian (normal)
distribution, the non-parametric equivalent of the one-factor
(i.e., group) ANOVA, the Kruskal-Wallis test, was used for
all multiple group comparisons. When a significant ‘group
effect’ was found the Tukey test was applied ‘post hoc’
for pairwise comparisons. Statistical significance was set at
a p-value < 0.05 and all analyses were performed with
GraphPad Prism v6 for Windows (GraphPad Software, San
Diego, CA, United States).
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